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http://dxObjectives: Progressive thermal preconditioning (PTP) provides vascular protection with less hemodynamic
fluctuations, endoplasmic reticulum (ER), and oxidative stress compared with whole body hyperthermia. We
suggest PTP might efficiently diminish cardiac ischemia/reperfusion-induced apoptosis and autophagy injury.
Methods:A total of 67 male Wistar rats were divided into a non-PTP control group, 24 or 72 hours after a single
cycle or 3 consecutive cycles of PTP in a 42C water bath (1-24, 1-72, 3-24, and 3-72 groups). We measured the
cardiac O2
 amount in vivo in response to left anterior descending coronary artery ligation for 2 hours and re-
perfusion for 3 hours. Cardiac function and injury were determined by microcirculation, electrocardiography,
and infarct size. The PTP-induced protective effects on nicotinamide adenine dinucleotide phosphate oxidase
gp91-mediated oxidative stress, ER stress, and apoptosis- and autophagy-related mechanisms were examined
using Western blot and immunohistochemistry.
Results:Coronary arterial ischemia/reperfusion depressed cardiac microcirculation, induced ST-segment eleva-
tion and increased infarct size in non-PTP and PTP rats. Ischemia/reperfusion enhanced the cardiac O2
 levels
by enhanced nicotinamide adenine dinucleotide phosphate oxidase gp91 expression, cytosolic cytochrome
C release, and decreased mitochondrial Bcl-2 expression. Cardiac injury activated ER stress–78-kDa
glucose-regulated protein expression, increased the Bax/Bcl-2 ratio, cleaved caspase 3 expression and poly-
(ADP-ribose)-polymerase fragments, leading to apoptosis formation, and promoted LC3-II expression, resulting
in autophagy formation. PTP treatment elevated heat shock protein 70, heat shock protein 32, Bcl-2, Bcl-xL, and
manganese superoxide dismutase in the rat heart, especially in the 3-72 group. PTP treatment significantly
restored cardiac microcirculation, decreased oxidative stress, ER stress, apoptosis, autophagy, and infarct size.
Conclusions: PTP significantly reduced cardiac ischemia/reperfusion injury by upregulating antioxidant,
antiapoptotic, and antiautophagic mechanisms. (J Thorac Cardiovasc Surg 2014;148:705-13)The burst production of reactive oxygen species (ROS) dur-
ing IR stage might impair the function and structure of the
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Stransductions to induce several types of cell death such as
apoptosis, autophagy, pyroptosis, and necrosis.1-5 The
increased ROS production enhanced Bax/Bcl-2/caspase
3/poly-(ADP-ribose)-polymerase signaling to trigger
apoptosis, Beclin-1/LC3-II signaling to induce autophagy
in ischemic and hypoxic tissues and cells.1-5
Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase and the mitochondrion contribute to the
production of ROS in stressed cells.1-6 NADPH oxidase
activation or NADPH oxidase subunit gp91 upregulation
increases O2
 generation in the rat heart.6,7 Mitochondrial
dysfunction triggers cytosolic cytochrome C release,
enhances excess O2
 production, and promotes
myocardial injury.8 Thus, decreased ROS production by
inhibiting NADPH oxidase gp91 activity or restoring mito-
chondrial function might attenuate cardiac IR injury.
Enhancement of the endogenous defense mechanisms pro-
tects the cardiovascular system against ROS-induced injury.9
Thermal preconditioning is the most accessible method for
inducing heat shock protein (HSP)-mediated resistance and
tolerance to oxidative injury10,11 and confers cardiac
protection.12However,whole body hyperthermia by acute im-
mersion of 80% of the total body surface into a hot waterrdiovascular Surgery c Volume 148, Number 2 705
Abbreviations and Acronyms
1-24 ¼ 24 hours after single-cycle PTP in
a 42C water bath
1-72 ¼ 72 hours after single-cycle PTP in
a 42C water bath
3-24 ¼ 24 hours after 3 consecutive cycles
of PTP in a 42C water bath
3-72 ¼ 72 hours after 3 consecutive cycles
of PTP in a 42C water bath
ECG ¼ electrocardiographic
ER ¼ endoplasmic reticulum
4-HNE ¼ 4-hydroxynonenal
HSP ¼ heat shock protein
IR ¼ ischemia/reperfusion
MCLA ¼ 2-methyl-6-(4-methoxyphenyl)-
3,7-dihydroimidazo- [1,2-a]-pyrazin-
3-1-hydrochloride
MnSOD ¼ manganese superoxide dismutase
NADPH ¼ nicotinamide adenine dinucleotide
phosphate
NO ¼ nitric oxide
PTP ¼ progressive thermal preconditioning
ROS ¼ reactive oxygen species
TUNEL ¼ terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling
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Sbath sometimes induces adverse effects, including acute
myocardial and cerebral infarction by transient changes in
blood pressure, heart rate, blood viscosity, fibrinolytic activity,
and platelet function.13 It is possible that exposure to lesser
heat challenges for a shorter period or gradually increasing
the percentage of total body surface to heat stimulation would
have similar and safe cardioprotective effects; however, this
has not yet been determined. In humans and animals, repeated
low-temperature sauna or thermal therapy can improve
myocardial perfusion and vascular endothelial dysfunc-
tion.14,15 A modified method of progressive thermal
preconditioning (PTP) with gradual increases in the body
surface area by 3 steps of 42C bathing can attenuate these
adverse effects and confer efficiently vascular protection by
way of phosphatidylinositol 3-kinase/Akt/endothelial nitric
oxide synthase signaling pathways.16,17 Increased PTP
frequency also enforces the vascular protection by the
decreasing oxidative and endoplasmic reticulum (ER) stress,
autophagy, apoptosis, and leukocyte infiltration.17 In contrast,
regulation of antiapoptotic Bcl-2 and Bcl-xL expression or
antioxidant manganese superoxide dismutase (MnSOD)
could also be involved in PTP-induced protection. Bcl-2 fam-
ilymembers such as Bax andBcl-2 can regulate apoptosis and
autophagy3,18 by translocation of Bax or Bcl-2 to the mito-
chondria and regulate cytosolic cytochrome C release.19,20
MnSOD, mainly expressed in the mitochondria, can706 The Journal of Thoracic and Cardiovascular Surgparticipate in the regulation of mitochondrial function and
affect cardiac cell apoptosis and autophagy. However,
limited data on PTP-induced antioxidant, antiapoptotic, and
antiautophagic protection have been published. In the present
study, we explored whether PTP provides cardiac protection
against coronary IR injury by way of antioxidant, antiapop-
totic, and antiautophagic action.METHODS
Animals
A total of 67 male Wistar rats (weight, 220-240 g) were purchased from
BioLASCO Taiwan Co, Ltd (Taipei, Taiwan) and housed in the Experi-
mental Animal Center of National Taiwan Normal University. Food and
water were provided ad libitum. The Institutional Animal Care and Use
Committee of the National Taiwan Normal University had approved all
the surgical and experimental procedures, which were in accordance
with the guidelines of the National Science Council of the Republic of
China (NSC 1997). All efforts were made to minimize animal suffering.
Setup for PTP
Themodels for PTP have been clearly described previously.16 In brief, the
rats were immersed in tap water and loosely fixed to plastic lattice plates us-
ing adhesive tape, and the plates were set in a head-up position of 30 to hor-
izontal in a Plexiglas animal cage thatwas used as a bathtub. The temperature
of the bathtub water was maintained at 42C throughout the experiment by
immersing the bathtub in a water bath incubator. The rats were then progres-
sively immersed in the 42C water bath at line 1 (15% of the total body
surface area) for 5 minutes, line 2 (40% of the total body surface area)
for 5minutes, and line 3 (70% of the total body surface area) for 5minutes.
Three consecutive cycles of PTP were performed within 8 hours and the in-
terval between 2 PTP sessions was 4 hours. We divided these rats into 5
groups: (1) non-PTP control (exposed to air), (2) 1-24, 24 hours after a single
cycle of PTP; (3) 1-72, 72 hours after a single cycle ofPTP; (4) 3-24, 24 hours
after 3 consecutive cycles of PTP; and (5) 3-72, 72 hours after 3 consecutive
cycles of PTP. In response to cardiac IR injury, 2 rats in the non-PTP control,
2 in the 1-24, 2 in the 1-72, and 1 in the 3-24 group died. The final number in
each group was 12 rats. The mortality rate was 10% (7 of 67).
Measurement of Hemodynamic and
Electrocardiographic Parameters
Under urethane (1.2 g/kg, intraperitoneally) anesthesia, the rat’s trachea
was intubated for artificial ventilation (Small Animal Ventilator Model
683, Harvard Apparatus, Holliston, Mass), with 50 breaths in 1 minute, a
tidal volume of 8 mL/kg, and a positive end-expiratory pressure of 5 cm
H2O. The arterial blood pressure and heart rate measurements were re-
corded with a pressure transducer connected to an intubated femoral artery
using a PE-50 catheter. The right arm, left arm, and left leg limb leads were
attached. The arterial blood pressure, heart rate, heart rhythm, and wave
forms were recorded using an iWorx 214 data recorder (IX-214; iWorx
Systems, Inc, Dover, NH).
Heart Microcirculation Determination
A full-field laser perfusion imager (MoorFLPI, Moor Instruments, Ltd,
Devon, UK) was used to continuously quantify the microcirculatory blood
flow intensity.21 The imager uses laser speckle contrast imaging, which ex-
ploits the random speckle pattern generated when tissue is illuminated by
laser light. The random speckle pattern changes when blood cells move
within the region of interest. When a high level of movement (fast flow)
is present, the changing pattern will become more blurred, and the contrast
in that region will be accordingly reduced. The contrast image is processed
to produce a 16-bit color-coded image that correlates with the blood flow inery c August 2014
Chien et al Evolving Technology/Basic Sciencethe heart, such that blue is defined as low flow and red as high flow. The
microcirculatory blood flow intensity of each region of interest was re-
corded as flux with the perfusion unit, which is related to the product of
average speed and concentration of moving red blood cells in the heart
sample volume. The negative control value was set at 0 perfusion unit
(blue) and the positive value at 1000 perfusion units (red). The perfusion
units were analyzed in real time using MoorFLPI software, version 3.0
(Moor Instruments, Ltd, Devon, UK).
Induction of Myocardial Infarction
Myocardial infarction was induced by coronary artery ligation for 2
hours. Midline sternotomy was performed, followed by pericardiotomy.
The left anterior descending artery, close to its origin and approximately
3 mm away from the left coronary ostium, was ligated with 7-0 Prolene
(Ethicon, Inc, Somerville, NJ), and a slipknot was tied to establish revers-
ible coronary artery occlusion, as described previously.2
Infarct Size Calculation
After myocardial injury, 5 mL of methyl blue was injected through the
jugular vein catheter, and the heart was harvested 2 minutes later. The heart
was sliced from the base to the apex at 3-mm intervals. The right ventricle
was removed from each slice, and the remaining left ventricle in each slice
was weighed. The slices were incubated for 20 minutes at 37C in 1% tri-
phenyltetrazolium chloride (Sigma Aldrich, St Louis, Mo) to distinguish
the infarct (pale) from the viable (red) myocardial area.2 The heart slicesFIGURE 1. The responses of cardiac (A) heat shock protein (HSP)70, (B) HS
(Con), after single-cycle progressive thermal preconditioning (PTP) for 24 hour
(3-24) and 72 hours (3-72). *P<.05 compared with the Con group. MnSOD, M
The Journal of Thoracic and Cawere photographed with a digital camera (Nikon, Tokyo, Japan). Photo-
graphic images of the heart slices were projected at fivefold magnification.
The area of infarct and vital tissue for each slice were calculated using
planimetric quantification and Photoshop software, version 8.0 (Adobe
Systems, San Jose, Calif), in a blind fashion and corrected for the weight
of the tissue slice. The fractional percentage area was then multiplied by
the weight of each slice, and the results were summed to obtain the mass
of the area of risk. The infarct size was expressed as a percentage of the
mass of the necrotic area (pale) in the summated mass of the area of risk.
In Vivo, Real-Time Chemiluminescence Recording of
Heart Superoxide Anion Activity
We measured the heart ROS in response to cardiac IR in vivo using an
intravenous infusion of a superoxide anion probe, 2-methyl-6-(4-
methoxyphenyl)-3,7-dihydroimidazo-[1,2-a]-pyrazin-3-1-hydrochloride
(MCLA) (0.2 mg/mL/h, TCI-Ace, Tokyo Kasei Kogyo Co, Ltd, Tokyo,
Japan) and detected using a chemiluminescence analyzing system (CLD-
110, Tohoku Electronic Co, Inc, Sendai, Japan)1 and was partly modified
(Figure 2,A). In brief, after surgery, the rat was maintained with a respirator
and a circulating water pad at 37C during photon detection. To exclude
photon emission from sources other than the heart, the anesthetized rat
was housed in a dark box with a shielded plate. Only the heart was left un-
shielded and was positioned under a reflector, which reflected the photons
from the exposed heart surface onto the detector area. The MCLA-
enhanced chemiluminescent signal from the heart surface was recordedP32, (C) Bcl-2, (D) Bcl-xL, and (E) MnSOD expression in the control rats
s (1-24) and 72 hours (1-72) or after 3 consecutive cycles of PTP 24 hours
anganese superoxide dismutase.
rdiovascular Surgery c Volume 148, Number 2 707
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FIGURE 2. A, Setup for heart reactive oxygen species (ROS) measurement. The exposed heart of the artificially ventilated rats was placed under the
detector area for measurement of cardiac ROS. The (B) original data and (C) statistical data of the ROS from the heart in the sham-control group
(Sham), cardiac ischemia/reperfusion group (I/R), cardiac ischemia/reperfusion after single-cycle progressive thermal preconditioning (PTP) for 72 hours
(I/Rþ1-72), cardiac ischemia/reperfusion after 3 consecutive cycles of PTP for 24 hours (I/Rþ3-24), and cardiac ischemia/reperfusion after 3 consecutive
cycles of PTP for 72 hours (I/Rþ3-72) are shown. *P<.05 compared with the sham-control group.
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was measured by the area under curve from the heart. The chemilumines-
cent signal obtained from 0.2 mL saline in 1 mL of MCLA (0.2 mg/mL) or
0.2 mL xanthine (0.75 mg/kg body weight)/xanthine oxidase (24.8 mU/kg
body weight) in 1 mL ofMCLA (0.2 mg/mL) was regarded as a negative or
positive control, respectively.22
Western Blotting
We examined the protein expression in the heart tissue samples from the
margin of the infarct (peri-infarct) areas using Western blotting.2
In Situ Demonstration of Oxidative Stress,
Autophagy, and Apoptosis Formation
We compared the degree of apoptosis using terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining,1
LC3-II–mediated autophagy, ED-1 infiltration, and 4-hydroxynonenal
(4-HNE) accumulation in the paraffin-embedded sections.4 All the histologic
sectionswere analyzed using aSonix ImageSetup (SonixTechnologyCo,Ltd,
ChupeiCity,Hsinchu,Taiwan), including imageanalyzing softwareCarlZeiss
AxioVision, release 4.8.2 (Future Optics & Tech. Co, Ltd, Hangzhou, China).
Statistical Analysis
All data are expressed as the mean standard error of the mean. Differ-
ences within the groups were evaluated using a paired t test. One-way anal-
ysis of variance was used to compare the differences among the groups.
Intergroup comparisons were made using Duncan’s multiple range test.
The extent of myocardial infarction was corrected for the area at risk and
is expressed as a percentage. A significant difference in infarct size and
cardiac ROS amount was obtained from 6 rats in each group. We used
SigmaPlot, version 12.0 (Systat, Chicago, Ill), for graph preparation. All
statistical analyses were performed using the Statistical Package for Social
Sciences software system (SPSS Inc, Chicago, Ill).708 The Journal of Thoracic and Cardiovascular SurgRESULTS
PTP Enhanced HSP and Antioxidant and
Antiapoptosis Proteins in the Heart
Compared with the non-PTP control group, PTP treat-
ment significantly enhanced cardiac HSP70 expression in
the 1-72, 3-24, and 3-72 groups (Figure 1, A) and upregu-
lated HSP32 in the 1-24, 1-72, 3-24, and 3-72 groups
(Figure 1, B). Cardiac Bcl-2 and Bcl-xL were significantly
upregulated only in the 1-72 and 3-72 groups (Figure 1, C).
Cardiac MnSOD was significantly upregulated in the 1-72,
3-24, and 3-72 groups (Figure 1, D). According to these
results, we selected the 1-72, 3-24, and 3-72 groups to chal-
lenge cardiac IR in the subsequent studies.PTP Attenuates IR-Enhanced Cardiac ROS
Production
We created an in vivo measurement of cardiac ROS asso-
ciated with arterial blood pressure and heart rate from the rat
(Figure 2, A). A typical graph of cardiac ROS is shown in
Figure 2, B. The rat heart from 5 groups displayed a basal
level of O2
-ROS around 4000 to 8000 counts in 10 seconds
during MCLA infusion. After IR, the O2
-ROS level was
enhanced to 30,000 counts in 10 seconds in the non-PTP
group, 20,000 to 25,000 counts in 10 seconds in the 3-24
group, 15,000 counts in 10 seconds in the 1-72 group, and
10,000 counts in 10 seconds in the 3-72 group. The increased
O2
-ROS level was greater in the non-PTP group than in theery c August 2014
FIGURE 3. Progressive thermal preconditioning (PTP) effect on ischemia/reperfusion (IR)-induced alteration in (A), (B) cardiac microcirculation, (C)
electrocardiographic findings, and (D) (E) infarct size. Marked differences were seen in the cardiac microcirculation and infarct size between the IR group
and the IR with PTP treatment group. C, IR induced marked ST-segment elevation in the electrocardiographic wave in the IR and IR plus 3 consecutive
cycles of PTP for 72 hours (þ3-72) groups. E, PTP significantly decreased the infarct size compared with that in the IR group. *P<.05, compared with
the control group; #P<.05, compared with the IR group. Con, Control rats; I/Rþ3-24, ischemia/reperfusion after 3 consecutive cycles of PTP for 24 hours.
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S3-24 group, which was greater than that in the 1-72 group,
which was greater than that in the 3-72 group (Figure 2, C).
E
TPTP Improved IR-Depressed Microcirculation and
IR-Increased Infarct Size
During the control, ischemia, and reperfusion periods,
the sham-control heart displayed a consistent red color
throughout the experiment (data not shown). In the non-
PTP control rat, IR markedly decreased the blood perfusion
to a pink or green in the lower region of the left ventricle
(Figure 3, A). In the 3-72 group, PTP restored the microcir-
culation to red in the left lower region of the ventricle in
response to IR. The quantified data displayed a greater ven-
tricular blood perfusion unit in the 3-72 group than in the
non-PTP control group (Figure 3, B).The Journal of Thoracic and CaThe baseline electrocardiographic (ECG) wave was
similar in the non-PTP control and 3-72 groups (Figure 3,
C). IR induced a similar ST-segment elevation in the ECG
wave in the non-PTP and 3-72 groups. IR increased the
infarct size in the non-PTP control and 3-72 groups
(Figure 3, D). However, the infarct area was significantly
depressed in the 3-72 group compared with the non-PTP
control group. The infarct size was greater in the non-PTP
than in the 3-24 group, which was greater than in the 1-72
group, which was greater than in the 3-72 group
(Figure 3, E).PTP Reduced IR-Enhanced Oxidative Injury
IR significantly enhanced the cardiac Bax/Bcl-2 ratio,
cleaved caspase 3, poly-(ADP-ribose)-polymerase, LC3-II,rdiovascular Surgery c Volume 148, Number 2 709
FIGURE 4. Progressive thermal preconditioning (PTP) effect on (A-C) apoptosis-related proteins, (D) autophagy-LC3-II, (E) endoplasmic reticulum
stress glucose-regulated protein (GRP)78, (F) mitochondrial Bcl-2 (m-Bcl-2), (G) cytosolic cytochrome C (c-Cyt C), and (H) nicotinamide adenine dinu-
cleotide phosphate oxidase gp91 subunit (gp91) expression levels. *P<.05 versus control (Con) group; #P<.05 versus ischemia/reperfusion (I/R) groups. 1-
72, 24 Hours after single-cycle PTP in a 42C water bath; 3-24, 24 hours after 3 consecutive cycles of PTP in a 42C water bath; 3-72, 72 hours after 3
consecutive cycles of PTP in a 42C water bath; Hsp, heat shock protein; c-Cas 3, caspase 3; PARP, poly-(ADP-ribose)-polymerase.
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cytochrome C, and NADPH oxidase gp91 expression and
decreased mitochondrial Bcl-2 expression (Figure 4) and
mitochondrial Bcl-2 expression and depressed IR-enhanced
Bax/Bcl-2 ratio, cleaved caspase 3, poly-(ADP-ribose)-poly-
merase, LC3-II, 78-kDa glucose-regulated protein 78, cyto-
solic cytochrome C, and gp91 expression.
PTP Reduced IR-Enhanced Cardiac Inflammation,
Oxidative Stress, Autophagy, and Apoptosis
IR significantly enhanced cardiac ED-1 infiltration,
4-HNE, LC3-II, and TUNEL stains in the non-PTP control
and PTP groups (Figure 5). However, the 3-72 PTP treat-
ment group had significantly decreased IR-enhanced car-
diac ED-1, 4-HNE, LC3-II, and TUNEL stains compared
with the non-PTP control group (Figure 5).710 The Journal of Thoracic and Cardiovascular SurgDISCUSSION
According to our previous data,16,17 a whole body
hyperthermia challenge (immediate immersion in a 42C
water bath for 15 minutes) significantly induces
temporary hypertension, tachycardia, ER stress, and
oxidative stress. However, PTP treatment significantly
attenuated the enhancement of hypertension, tachycardia,
ER, and oxidative stress during hot water immersion. Our
data showed that PTP confers cardioprotection through
the combination of antioxidant, antiapoptotic, and
antiautophagic signaling in a frequency-dependent manner.
These data have implicated its safety and efficacy in
response to hot water challenges. The application of PTP
efficiently provided cardiovascular protection against
FeCl3-induced arterial thrombosis
16,17 and cardiac IR
injury in the present study.ery c August 2014
FIGURE 5. Progressive thermal preconditioning (PTP) effect on inflammation, oxidative stress, autophagy, and apoptosis in the ischemia/reperfusion (I/R)
heart. A, ED-1 expression; B, 4-hydroxynonenal (4-HNE) expression; C, LC3-II expression; D, apoptosis expression determined by terminal deoxynucleo-
tidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) stain. *P<.05 versus control (Con) group; #P<.05 versus I/R group.
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the antioxidant, antiapoptotic, and antiautophagic actions
in a frequency-dependent manner. The 3-72 group dis-
played the strongest cardiac protection, greater than that
in the 3-24, 1-24, and 1-72 groups. These beneficial effects
reduced cardiac ROS, ED-1 infiltration, 4-HNE, apoptosis,
and autophagy in the IR heart, leading to a decrease in the
infarct size. PTP also exerted a beneficial effect in restoring
cardiac microcirculation in response to IR. Diverse stress
preconditioning stimuli enhanced HSP70 and endothelial
nitric oxide (NO) synthase expression through the phospha-
tidylinositol 3-kinase/Akt signaling pathway to increase
NO production and vasodilation.17,18 Whether PTPThe Journal of Thoracic and Carestores cardiac microcirculation by way of the
phosphatidylinositol 3-kinase/Akt/endothelial NO synthase
signaling and the increased NO level requires additional
studies to be determined. In addition, the importantly crit-
ical factor for the induction and enforcement of the PTP-
induced several defense mechanisms will be explored in
the future.
In the present study, we also found that cardiac IR
induced a similar symptom of abnormal ECG findings of
ST-segment elevation in all the rats. However, the cardiac
microcirculation, infarct size, and molecular mechanisms
and pathologic findings displayed a differential pattern.
These findings suggest that the ECG can implicate IR injuryrdiovascular Surgery c Volume 148, Number 2 711
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Sin the heart; however, the ECG findings might not actually
indicate the degree of cardiac injury.
ROS play an important role in IR injury; however, obtain-
ing direct proof has been hampered by the high reactivity
and short biologic half-life of ROS. Several techniques
have been used for the study of the production and mecha-
nisms of ROS in IR tissue, including electron spin reso-
nance spectroscopy, the nitro blue tetrazolium method,
DAB-Mn2þ cytochemistry, and measurement of the induc-
tion or depletion of endogenous ROS scavengers.1 In the
present study, for the first time, we used an enhanced chemi-
luminescent method to study real-time ROS production
directly in the heart in vivo. The differing amount of ROS
correlated with the degree of injury, indicating the tech-
nique is reliable. Using an in situ 4-HNE stain, we also
found that the cellular source of ROS synthesis was possibly
from the IR cardiomyocytes and infiltrated ED-1. Enhanced
NADPH oxidase gp91 expression and cytosolic cytochrome
C release in cardiomyocytes both contribute to the exacer-
bated ROS production, leading to subsequent inflammation
and programmed cell death. The use of PTP can attenuate
NADPH oxidase gp91 expression and cytosolic cytochrome
C release and result in the inhibition of ROS production.
The generation of ROS on reperfusion has been cited as
one of the major causes of IR injury to induce oxidative
stress, ER stress, mitochondrial dysfunction, leukocyte-
mediated inflammation, and autophagy and apoptosis.3,4
Myocardial protection can be induced by ischemic
preconditioning and delta-opioid receptor activation in the
isolated working rat heart for improving the postischemic
recovery of aortic flow.23 Pharmacologic preconditioning
using darbepoetin-alfa achieved cardioprotection through
the upregulation of both Bcl-xL and Bcl-2 to decrease
ROS production, lower cleaved caspase-3, and increase
phosphorylated-Bad.24 Pharmacologic preconditioning us-
ing hydrogen sulfate resulted in cardioprotection by way
of increased expression of antioxidants (heme oxygenase-
1 and thioredoxin 1), HSP90, HSP70, Bcl-2, Bcl-xL, and
cyclooxygenase-2 and inactivated the proapoptogen
Bad.25 These defense mechanisms decreased infarct size,
circulating troponin I levels, and oxidative stress.25 Late-
phase ischemic preconditioning protects the heart against
IR injury by upregulating MnSOD protein expression, pre-
serving mitochondrial oxygen metabolism, and attenuating
IR injury.8 Selectively overexpressed MnSOD in the heart
mitochondria of the transgenic mice reduced the infarct
size in vivo in a left coronary artery ligation model.26 In
the present study, PTP conferred cardioprotection by
improving cardiac microcirculation and upregulating
HSP32, HSP70, Bcl-2, Bcl-xL, and MnSOD and preserving
mitochondrial function and integrity. These defense mech-
anisms triggered antioxidant, anti-inflammation, anti-ER
stress, antiapoptosis, and antiautophagy signaling by PTP
and, consequently, protected the heart against IR injury.712 The Journal of Thoracic and Cardiovascular SurgMitochondria and NADPH oxidase are the target and
source of ROS, which play an important role in physio-
logic signaling mechanisms and in the regulation of
apoptotic and autophagy pathways.4 Increased ROS and
Bax or decreased Bcl-2 and Bcl-xL open the mitochondria
permeability transition pore through the outer mitochon-
drial voltage-dependent anion conductance channel to
release cytochrome C into cytosol.2,27-29 Increased
mitochondrial Bax and O2
 and decreased mitochondrial
Bcl-2 or Bcl-xL trigger cytosolic cytochrome C release,
possibly through mitochondria permeability transition
pore opening to induce apoptosis and autophagy in the
IR tissue.2,3,27 PTP enhanced several defense
mechanisms (upregulating MnSOD, Bcl-2, and Bcl-xL)
to counteract IR-induced mitochondrial dysfunction by
preserving mitochondrial Bcl-2 expression and decreasing
cytosolic cytochrome C release, suggesting its role in mito-
chondrial protection.
How does superficial heating of the skin affect inner or-
gans such as the heart? Incremental changes in the temper-
ature (28-42.5C) of the anterior left ventricular wall in a
canine affected the myocardial pressure and length areas
but did not change the coronary blood flow or distribu-
tion.30 In traditional Chinese medicine, heat stimulation
of certain skin areas (Hsuch-Tao) has been used in the
treatment of various functional disorders of the inner or-
gans. The mechanism of action is still unknown. It has
been suggested that somatic sensory stimuli (warm recep-
tor activation by thermal stimulation) are capable of influ-
encing neural mechanisms in the central nervous system
and, in turn, through neural and/or humoral messages to
affect the visceral effectors of the body. For example, ther-
mal stimulation of a different area of the skin could alter
the renal sympathetic efferent activity to the kidney and
increased the urinary kallikrein excretion. It requires addi-
tional studies to explore the PTP-induced effects. For a
possible application to clinical trials, we could adapt
mild hyperthermia methods such as PTP for triggering
hyperthermia-induced protection in the patients before sur-
gery. For the prevention of exacerbated hemodynamic vari-
ation during whole body hyperthemia, a safe strategy for
progressive water bath immersion at 42C can be recom-
mended. However, the cardiovascular protection might be
attenuated because of the short duration and low tempera-
ture (<42C). Considering the safety and efficacy, our PTP
with 3 steps of 42C bathing attenuated the adverse effects,
such as tachycardia or blood pressure fluctuations, occur-
ring in whole body hyperthermia but still conferred cardio-
vascular protection. The increased PTP frequency (3 times
daily in the present study) seemed to enforce additional
cardiovascular potential. PTP could be used as prophylaxis
to reduce or prevent cardiovascular injury. However, addi-
tional studies are required to explore theses issues for
clinical application in the future.ery c August 2014
Chien et al Evolving Technology/Basic ScienceCONCLUSIONS
Modified PTP provided an effective, safe, and available
strategy to protect against cardiac IR injury by the enforced
antioxidant, anti-inflammatory, antiapoptotic, antiautopha-
gic, and anti-ER stress mechanisms.
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